Non-biting midges (Diptera: Chironomidae) are a diverse population that commonly causes respiratory allergies in humans. Chironomid larvae can be used to indicate freshwater pollution, but accurate identification on the basis of morphological characteristics is difficult. In this study, we constructed a mitochondrial cytochrome c oxidase subunit I (COI)-based DNA barcode library for Korean chironomids. This library consists of 211 specimens from 49 species, including adults and unidentified larvae. The interspecies and intraspecies COI sequence variations were analyzed. Sophisticated indexes were developed in order to properly evaluate indistinct barcode gaps that are created by insufficient sampling on both the interspecies and intraspecies levels and by variable mutation rates across taxa. In a variety of insect datasets, these indexes were useful for re-evaluating large barcode datasets and for defining COI barcode gaps. The COI-based DNA barcode library will provide a rapid and reliable tool for the molecular identification of Korean chironomid species. Furthermore, this reverse-taxonomic approach will be improved by the continuous addition of other speceis' sequences to the library.
INTRODUCTION
Freshwater non-biting midges (Diptera: Chironomidae) include many species that cause human allergies (Baur, 1992; Lewis, 1956) . Their larvae are important indicator organisms for water pollution because of their ability to thrive under a variety of freshwater conditions (Aagaard et al., 2004; Wright, 1984) , including exposure to heavy metals, organic pesticides, and other xenobiotics (Al-Shami et al., 2010; Martinez et al., 2004) . Although the correct identification of these species is of fundamental importance for subsequent studies, species identification is problematic, especially for immature specimens, larvae, damaged specimens, and those with morphological deformities (Pfenninger et al., 2007; Velle et al., 2005) . In such cases, a molecular-based approach can be used for species identification (Tautz et al., 2002) .
DNA barcoding is a molecular diagnostic method that employs a short DNA sequence to rapidly and accurately identify a species. This method has revitalized traditional taxonomy and allows for a better understanding of organisms and their relationships (Hebert and Gregory, 2005; Hebert et al., 2003; Kim et al., 2011; Yoo et al., 2006) . However, DNA barcoding methods may not provide adequate resolution to identify recently diverged species, species complexes, or groups with a slow evolutionary rate (Kerr et al., 2007; Radulovici et al., 2010) . Such cases require suitable markers for accurate species identification (Park et al., 2007) . Another problem with DNA barcoding methods is that ambiguous barcode gaps may be formed by insufficient sampling at both the interspecies and intraspecies levels (Meier et al., 2008; Meyer and Paulay, 2005; Wiemers and Fiedler, 2007) and by the variable mutation rates across taxa (Galtier et al., 2009 ).
The present study aims to prepare a DNA barcode library that can accurately identify Korean chironomid species of various developmental stages. First, the mitochondrial cytochrome c oxidase subunit I (COI) gene was chosen as a genetic marker for DNA barcoding, because COI is suitable for studying evolution and for discriminating cryptic chironomid species (Carew et al., 2005; Ekrem et al., 2007) . Second, a COI-based Korean chironomid barcode library was constructed, and both interspecies and intraspecies sequence variations were analyzed. Third, sophisticated indexes were developed to properly define barcode gaps between species, and the utility of these indexes was evaluated in various insect barcode datasets. Finally, the use of the reverse-taxonomic approach was discussed.
MATERIALS AND METHODS

Sampling of chironomid species
Chironomid adults attracted to the lights of stores and restaurants were aspirated at 16 locations (Table 1 ). The collected insects were stored in 75% ethanol. The antennae, head, wings,
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©2012 KSMCB 1 abdomen, and hypopygium were later dissected using fine needles under a stereomicroscope and were mounted in Hoyer's solution. All specimens were morphologically identified into species, and some specimens from each species were used for PCR analysis and DNA sequencing. The thoraces or legs were used for molecular studies, and the other body parts were mounted on slides for morphological studies.
Larval chironomids were collected at the Geumsa wetland, located in Geumsa-ri, Geumsa-myeon, Yeoju-gun, and Gyeonggido, Korea. The larvae were washed through a 1-mm sieve, preserved in water for 5 days to remove gut substances (Pfenninger et al., 2007) , and stored in 75% ethanol. The larval head capsule and the body segment were stored in 75% ethanol for future morphological examination. A small part of the larval body was used for DNA sequencing. All specimens and specimen IDs were deposited into the Arthropods of Medical Importance Resource Bank, Department of Environmental Medical Biology, Yonsei University, Seoul, Korea.
DNA extraction and amplification
Genomic DNA was extracted from all samples using the Qiagen DNeasy Blood and Tissue kit. Standard PCR amplification and DNA sequencing protocols were used to sequence a fragment of the COI. Primers used for PCR were LCO1490 (5′-GGT CAA CAA ATC ATA AAG ATA TTG G-3′) and HCO2198 (5′-TAA ACT TCA GGG TGA CCA AAA AAT CA-3′) (Folmer et al., 1994) . The 5′ region of COI was amplified using the following thermal cycling program: 94°C for 5 min, 35 cycles at 94°C for 0.5 min, 48°C for 1 min, and 72°C for 1.5 min, followed by a final extension at 72°C for 10 min. The 25 μl PCR reaction mixture included 14.7 μl of ultrapure water, 5 μl of 5× PCR buffer, 1 μl of each primer (10 μM), 1 μl of dNTPs (10 mM), 0.3 μl of Taq polymerase (5 U), and 2 μl of the DNA template. PCR products were purified using QIAquick PCR Purification Kit (Qiagen). Sequencing reactions were resolved on an ABI 3730 automated DNA sequencer.
DNA barcode analysis and tree building All sequences were deposited into GenBank (Table 1 ) and aligned using MUSCLE software which implements several iterative refinements steps (Edgar, 2004) . Interspecies and intraspecies sequence divergences were quantified using the Kimura-2 parameter (K2P) distance model (Kimura, 1980) , and a neighbor-joining (NJ) tree was constructed by MEGA v4.0.2 (Tamura et al., 2007) with 10,000 bootstrap replicates.
Development of indexes for defining DNA barcode gap Sophisticated indexes were developed to define the DNA barcode gap between species. The equations used were as follows:
( 1 ) and (2) where X = {X 1 , X 2 , …, X n } is the set of each target species, and Y = {Y 1 , Y 2 , …, Y m } is the set of non-target species that include all of the species in a barcode except the target species. D GeneticModel is the function used to calculate several genetic distances, such as Jukes-Cantor (Jukes and Cantor, 1969) , Kimura 2-Parameter (Kimura, 1980), Tamura 3-Parameter (Tamura, 1992), and Tamura-Nei (Tamura and Nei, 1993) . Each genetic distance model produced the same conclusion. We used the D K2P function, which applies the K2P distance model that is commonly used for barcode analysis. X i represents the sequences of the target species that belong to the same species, and Y j represents sequences of non-target species. D minInter is the minimum interspecies distance between the target species and the non-target species. D maxIntra is the maximum intraspecies distance within the target species. 
Index Cutoff is the optimal cutoff value. In the formula, a function of GroupMax represents a maximum value determined on a box plot graph in a group of data, and a function of GroupMin represents a minimum value determined on a box plot graph in a group of data. The cutoff value varies in accordance with the taxon group and size of the barcode dataset. When the maximum intraspecies and the minimum interspecies distances overlap, this indicates an absence of DNA barcode gap. In this case, Index Cutoff is greater than the empirical value determined after analyzing the available insect barcode datasets.
(6) These conditions of Index BarcodeGap and Index Cutoff are used to assess whether DNA barcode gap exists in each species. For example, if the Index BarcodeGap > Index Cutoff , and the D maxIntra of the target species is greater than the average D maxIntra of the other species, then the target species is considered a cryptic species. On the other hand, if the Index BarcodeGap > Index Cutoff , and the D minInter of the target species less than the average D minInter of the other species, then the target species may be misidentified or may require more sensitive molecular markers for identification.
RESULTS
DNA barcode analysis of Korean chironomids
The 5′ end of the COI gene was sequenced in a total of 213 specimens (185 adults and 28 larvae, Table 1 ). Amplified DNA was 658 bp in length, excluding the primer regions. The sequences were translated to detect nuclear mitochondrial pseudo-genes (NUMTs) that are common in eukaryotes, including indels, frame-shift mutations, and in-frame stop codons (Bensasson et al., 2001; Song et al., 2008) . Deletions were discovered in 2 sequences from Dicrotendipes pelochloris, and these sequences were excluded from the analysis. A high level of intraspecies K2P variation was discovered in Dicrotendipes septemmaculatus (0-0.131) and Tanytarsus yoni (0-0.120), while a low level of interspecies K2P variation was observed between Cricotopus sylvestris and Cricotopus tricinctus (0.009-0.015) and between Chironomus sp. larva_3 and Procladius 
